The task of finding selective and stable peptide receptor agonists with low molecular weight, desirable pharmacokinetic properties and penetrable to the blood-brain barrier has proven too difficult for many highly coveted drug targets, including receptors for endothelin, vasoactive intestinal peptide and galanin. These receptors and ligand-gated ion channels activated by structurally simple agonists such as glutamate, glycine and GABA present such a narrow chemical space that the design of subtype-selective molecules capable of distinguishing a dozen of glutamate and GABA receptor subtypes and possessing desirable pharmacokinetic properties has also been problematic. In contrast, the pharmaceutical industry demonstrates a remarkable success in developing 1,4-benzodiazepines, positive allosteric modulators (PMAs) of the GABA A receptor. They were synthesized over 50 years ago and discovered to have anxiolytic potential through an in vivo assay. As exemplified by Librium, Valium and Dormicum, these allosteric ligands of the receptor became the world's first blockbuster drugs. Through molecular manipulation over the past 2 decades, including mutations and knockouts of the endogenous ligands or their receptors, and by in-depth physiological and pharmacological studies, more peptide and glutamate receptors have become well-validated drug targets for which an agonist is sought. In such cases, the pursuit for PAMs has also intensified, and a working paradigm to identify drug candidates that are designed as PAMs has emerged. This review, which focuses on the general principles of finding PAMs of peptide receptors in the 21st century, describes the workflow and some of its resulting compounds such as PAMs of galanin receptor 2 that act as potent anticonvulsant agents.
Introduction
Allosteric modulators of proteins are well known. They interact with a site other than the binding site of the enzyme substrate (allosteric). In the case of many biosynthetic enzymes, their characterization was pioneered by Changeux and Pardee [1] [2] [3] [4] [5] [6] [7] , who investigated where do the molecules (eg, feedback inhibitors of amino acid) bind and how does nucleotide biosynthesis on the enzyme catalyze the first step in the cascade [4] . The key examples of allosteric modulator characterization are the detailed studies on aspartic transcarbamylase and its feedback inhibition [4, 5] . Other examples of allosteric actions involve non-enzymatic proteins such as the oxygen carrier hemoglobin, whose affinity is regulated by protons through the Bohr effect without involving binding to the O 2 site, or by 2,3-bisphosphoglycerate binding to an allosteric site on hemoglobin that affects O 2 trapping [8, 9] .
Pharmacological uses of receptor allosteric modulators
The pharmacological utilization of allosteric sites was either unconscious or unplanned, because endogenous ligand binding to orthosteric sites or the receptor itself was not defined in molecular terms. When drug molecules were tested in functional assays, the molecular identity of the binding site was not questioned and determined: only functional changes were measured. Thus, it did not matter for the functionality "black box" assay whether the drug molecule is an agonist binding to the orthosteric site of a receptor where endogenous ligand also binds, or it interacts with an allosteric site and acts as a positive allosteric modulator (PAM). When Leo Sternbach [10, 11] synthesized Valium, a 1,4-benzodiazepine, the molecule was tested in vivo in a rodent anxiety model. Due to the fact that it was highly efficacious and acutely safe, it never mattered if Valium binds to an allosteric site on one subunit of the heteropentameric GABA A receptor or to its coupled chloride channel.
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Acta Pharmacologica Sinica npg Today, allosteric ligands are also introduced for other pentameric ligand-gated ion channels such as α7 nicotinic acetylcholine receptor [12] and G-protein coupled receptors (GPCRs). The latter represent the largest class of cell surface proteins and the major receptor class for neuropeptides including GABA receptors [13] [14] [15] . In today's target-based drug discovery, a protein molecule, eg, a peptide receptor, is identified as a drug target based on the physiological and pathophysiological effects caused by mutations in its agonist or in the receptor molecule per se [14, 15] . We are constantly searching for selective, high-affinity ligands to these putative drug targets via high-throughput molecular and cellular screening assays (HTS), which can be designed to identify ligands that bind either to the orthosteric or allosteric site of a receptor [16, 17] . The pharmacological application of metabotropic glutamate receptors (mGluRs) and glutamate-activated ion channels, such as NMDA and AMPA receptors, is rather limited by the fact that the endogenous ligand glutamate is a chemically simple molecule: its binding site (the orthosteric site) occupies a very narrow chemical space for the design of receptor subtype-selective exogenous agonists, although such compounds, eg, the mGluR2/3 agonist, could serve as an anti-psychotic agent [18] . It became clear to drug developers at Roche [19] [20] [21] , Merck [22, 23] and later in the entire industry [24] that if there were allosteric sites on these receptors, they might hold promise. Drugs that bind to these sites would only be effective when an endogenous agonist occupies the orthosteric site, meaning that the biological rhythm of agonist action is dictated by factors that regulate the release of the endogenous ligand. The allosteric molecules that enhanced agonist action, when identified, have proven to be safe and caused no desensitization, a feature different from directly acting agonists in the monoaminergic system or of NK1 receptors.
Screening for receptor allosteric modulators
The problem in identifying allosteric modulators has been that there are no inferences about the chemical structure of allosteric modulators. Until one or a few allosteric modulators, which bind in the presence of the endogenous ligand or an agonist that occupies the orthosteric site, are attributed to a given receptor, even the existence of an allosteric binding site is in question. Thus, diverse chemical libraries are required to discover an initial allosteric modulator. At the beginning, this approach led to serious disagreements within the community between "screening groups" and biologists about whether it is worth the effort to perform such screens and how to do them. Today, with several dozens of PAMs and negative allosteric modulators (NAMs) in clinical trials as a result of focused efforts, such discussions are largely over. X-ray structures of several types of receptors, including one of the most commonly used drug targets, GPCRs, also strongly suggest the presence of allosteric sites on monomeric, heterodimeric and homodimeric GPCRs [25] [26] [27] . It is understood from the experience with numerous early screens that cellular assays where receptor occupancy by an orthosteric agonist can be measured are best suited to identify allosteric modulators. One needs to use a stable agonist in concentrations ranging between 20% and 30% of the maximal effect in the screening efforts (EC 20 to EC 30 ). Clearly, there is a room for identification of PAMs, while NAMs could be screened in the same setting using an orthosteric agonist at EC 80 (Boxes 1 and 2). The work that discovered CYM2503 [28] as a PAM of galanin receptor type 2 [29] is described below in detail.
Efforts to find peptide receptor agonists: as exemplified for the search for galanin receptor agonists
Galanin is a 29 amino acid (aa) C-terminally amidated neuropeptide in pigs and rodents and a 30 aa long neuropeptide in humans [30] [31] [32] [33] . It reacts with three types of GPCRs (galanin receptors 1-3, GALR1-3) (Figure 1 ) and GALR1 and GALR2 are involved in anticonvulsant activity [33, 34] . 1) The pharmacophores and the orthosteric site of GALR1: The pharmacophores involved in the interaction with the receptor -ie, with its orthosteric site -were determined by two mutually complementary strategies: L-Ala substitution of the amino acids in galanin [35] and site-directed mutagenesis of the galanin receptor residues suggested by modeling the Box 1. Approaches to identifying drugs acting at peptide receptors.
Degradation inhibitors
• Identify the degradation sites and inhibit the specific peptidases (ie, raise half-life of the endogenous ligand): glucagon-like peptide-1 and DPP-4 inhibitors.
• Make peptidomimetics that do not have fissile peptide bonds sensitive to these peptidases. 2. Agonist molecules and/or molecules acting at the receptor • Active fragments are identified.
• L-Ala substitution to identify pharmacophores.
• Low molecule weight, nonpeptidic agonists: based on the information regarding pharmacophore side chains and their distances; the side chains are displayed on scaffolds providing the distances.
• Synthetic peptide libraries are screened.
• Positive allosteric modulators (PAMs) are screened.
Box 2. How to find allosteric ligands to peptide receptors systematically.
1. Generate a (peptidolitically) stable (even if it is low affinity, non subtype selective) agonist that occupies the ortosteric site (the site occupied by the endogenous ligand). 2. Conduct cellular screens at 20% and 80% receptor occupancy using the "stable agonist" above; this gives the best chance to get a signal for positive and negative allosteric modulators. For peptide receptor PAMs, the biggest problem is to find a peptidolitically stable orthosteric agonist -the tool compounds (like galnon or galmic for GALR2, and Boc5 for glucagon-like peptide-1 receptor).
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Acta Pharmacologica Sinica npg agonist-receptor interactions [36] . These studies showed that the residues Trp 2, Asn 5, and Tyr 9 at the N-terminus of galanin ( Figure 2A) were essential for binding to the surface residues of the galanin receptor, including His 264, His 267, Glu 271, Phe 115, and Phe 282 that constitute the orthosteric binding site [37] . Binding of galanin-29 or -30 to the native receptor occurs with high affinity (K d 0.3-1 nmol/L) and high selectivity. It was also demonstrated that the shortest peptide, galanin 1-9, despite having all the pharmacophores, has a low affinity (µmol/L) and is peptidolytically unstable. The longer galanin 1-16 peptide has greater stability (half-life: 2-5 min in the circulation) and was employed in some studies, but it does not penetrate the blood-brain barrier (BBB) [38] . In addition, galanin 3-29 does not act as an agonist [39] , implying that inhibition of the dipeptidyl peptidase that cut the 1-2 residues (Gly-Trp) of galanin may augment the action of endogenous galanin. However, the attempt to find selective inhibitors of the dipeptidyl peptidase failed (Box 3).
2) Search for non-peptidic agonists: The distance between the two most distal pharmacophores, the N-terminal primary amino group and Tyr 9, is large for a small molecule scaffold to maintain. Nevertheless, peptides from a peptide library based on the pharmacophores were tested, and galnon was identified as a low molecular weight, systemically active galanin receptor agonist (Figure 2 ). It has a K d of 1 µmol/L, exhibits no selectivity among the three galanin receptor subtypes, but is peptidolytically stable with a half-life of approximately 60 minutes and crosses the BBB [40] . This compound exhibited a remarkable and dose-dependent efficacy as an anticonvulsant, and thus reinvigorated the search for low molecular weight agonists and later for PAMs of the galanin receptor.
The pharmacophores were displayed on a cyclic scaffold by the Rebek group [41] , providing compound galmic (Figure 2 ). Galmic has a K d of 1-2 µmol/L, possesses no receptor subtype selectivity, is peptidolytically stable with a half-life of approximately 120 min and crosses the BBB. This compound, like galnon, showed a dose-dependent and strong efficacy in several seizure models [42] . Both galnon and galmic are capable of competing with galanin and could displace the endogenous peptide agonist from the orthosteric site. Their K d and EC 50 values correspond closely. Attempts to improve their affinities or to endow them with receptor subtype selectivity have not been pursued after the first series of SAR studies showed very narrow space for Four million compounds were screened by Roche, Merck, Pfizer, and Johnson & Johnson, but neither agonist nor antagonist was found at 10 μmol/L cut-off. We had to start to look for allosteric ligands but galanin had a half-life of only 2.5 min in the cellular assay, so at 20% occupancy the results were extremely variable and PAMs were missed. We needed a peptidolitically stable galanin receptor agonist (not necessarily subtype selective). Galanin is the endogenous peptide ligand, not receptor subtype selective. Galnon is a nonpeptidic, systemically active low affinity orthosteric agonist that is not receptor subtype selective. Galmic is a nonpeptidic, systemically active low affinity orthosteric agonist that is not receptor subtype selective. CYM2503 is a systemically active, positive allosteric modulator to the GALR2 receptor.
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Acta Pharmacologica Sinica npg modifications. The desired affinity and pharmacokinetic properties for an orthosteric agonist of a central peptide receptor could not be reached with these compounds or close analogs of them. Other efforts to use the orthosteric site of galanin receptors are based on fatty acid derivatives of the peptide to enhance its permeability, to create a systemically active compound of the polar, short-lived neuropeptide, and to retain its pharmacophores [43] [44] [45] .
Search for PAMs of galanin receptors
The parallel development of multiple cellular assays in highthroughput format to search for GPCR ligands (agonists and antagonists) has provided us with the tools to discover PAMs. A general working paradigm of these efforts is summarized in Box 2. The advantages of PAMs over full agonists in binding to the orthosteric site are numerous. As discussed in the introduction, they are unlikely to cause receptor desensitization as some agonists do, they preserve the biological rhythm of the agonist action because they are only active when the endogenous agonist is released, and they can be of a completely different chemical structure as opposed to orthosteric site binders so that small molecules with desirable pharmacokinetic properties may be easier to find. However, there are two major concerns: the existence of a relatively stable orthosteric agonist to carry out the HTS assay reproducibly and lack of prior clues about which compound library to screen and to what structural classes these PAMs will belong. The access to two nonpeptidic, peptidolytically stable full agonists galnon [40] and galmic [41] that bind to the orthosteric site of GALR1 and GALR2 has solved the first concern above, although they are not of high-affinity or subtype-selective but can be applied at EC 20 and EC 80 concentrations (Box 3) to search for PAMs and NAMs in HTS using cell lines expressing GALR1 or GALR2 receptors.
In the case of the GALR2 receptor, IP3 production was monitored as the signal (Figure 1) , a diverse chemical library was screened, and the hits were optimized to yield a PAM CYM2503 (Figure 2 ). This compound does not displace 125 ITyr 9 galanin 1-29 from the orthosteric site (as galnon and galmic do), so it is a bona fide allosteric ligand. It enhances IP3 production elicited by sub-maximal concentrations of the orthosteric agonists galanin, galnon and galmic. Thus, CYM2503 is a PAM with receptor subtype selectivity for GALR2 only [28] . The effects of CYM2503 are remarkably potent in the electroconvulsive shock and status epilepticus tests in vivo ( Figure  3 ), where it was found to be as potent in reducing mortality in mice as the golden standard in the clinic, Keppra ® (Levetiracetam). The animal experimentation data are sufficiently promising for initiating formulation work on this compound to improve its pharmacokinetic properties.
Conclusions
Since the first design-based, allosteric modulators for mGLuRs and GABA A receptors were developed approximately 10 years ago, we have acquired experience in identifying new members of this class of drugs. These practices confirmed that designbased allosteric modulators are a particularly attractive drug • Degradation of galanin is catalyzed by broad specificity diaminopeptidyl peptidases, which are too non-specific targets to utilize pharmacologically.
• Active fragment is identified: N-terminal 1-16 galanin is a full agonist in feeding, seizure and pain models (1992).
• L-Ala substitution to identify the pharmacophores: N-terminal NH 2 -group, Trp 2, Asn 5, and Tyr 9 are all required for high affinity agonist action (1996).
• Low molecular weight, nonpeptidic agonists: based on the information regarding the pharmacophores, synthetic peptide libraries of Gly/Ala/ Leu, Phe/Tyr/Trp, Asp/Asn, and Phe/Tyr/Trp amide were screened, and galnon was found. It behaves as a systemically active GALR1 and GALR2 agonist with an EC 50 of 1 µmol/L (2002).
• Based on the information of the pharmacophores, the side chains are displayed on scaffolds providing the distances. Galmic was synthesized which behaves as a systemically active GALR1 and GALR2 agonist with an EC 50 of 1 µmol/L (2004).
• Positive allosteric modulators are screened using galanin EC 10 , galnon EC 30 or galmic EC 30 on a cell line heterologously expressing GALR1, GALR2, or both. CYM2053 is as potent anticonvulsant as three last approved drugs and it is also active in limbic seizures (2010). [46, 47] . For glutamate, glycine and GABA receptors in the brain, we will see continued development of allosteric modulators of low molecular weight that can penetrate the BBB. Insights gained from recent advances in structural biology with availability of a dozen of ligand-bound GPCR X-ray structures will certainly accelerate these developments.
